A study of the effects of nano-silica treatment on the bonding properties of macro synthetic polypropylene fibers embedded in a cement matrix is provided in the present paper as a step to improve interfacial properties of the fiber reinforced cementitious composites (FRCC).
INTRODUCTION
Nowadays, fiber reinforced concrete is widely used in the many civil engineering applications (e.g. industrial pavements, tunnel linings, marine structures, earthquake-resistant structures, etc). Due to the addition of fibers, plain concrete can be transformed from brittle into a ductile material, thus improving the resistance to crack formation and propagation. In particular, fiber-reinforced cementitious composites (FRCC) have been widely used, although the use of macro synthetic fibers made of polymeric materials has been proposed only recently for structural purposes [1] .
For instance, the use of polypropylene-based fiber reinforced concrete (PFRC) has been encouraged for the design of road pavement in order to prevent micro-and macro-cracking due to drying shrinkage and fatigue phenomena [2] . Moreover, experimental tests perfomed by Lanzoni et al. [3] show that the addition of polypropylene-based draw-wired fibres significantly improves the crack resistance of the concrete mixture, thus enhancing toughness and durability of FRC structural components. At the same time, such improvement is attained without significantly affecting the workability of the mixture.
It is well known that the ductility and flexural strength of FRCC are determined by energydissipation mechanisms related to the pullout of the fibers, which depends on the bonding properties between fiber and matrix [4, 5] . However, with respect to other kinds of fibers, polypropilene (PP) macro synthetic fibers have the limitation of poor adhesion to the surrounding cement matrix due to their chemical inertness. The aim of the present work is to propose an innovative methodology for the improvement of the interfacial characteristics between PP macro synthetic fibers and cementitious matrices, validated by the results of pullout tests on single fibre.
The quality of the interface transition zone (ITZ) between the fiber and the matrix, and hence the bond strength, strongly depends on the extent of porosity in this area. Several studies have shown that microfillers e.g. microsilica (shotcreete application) added to cementitious composites may be employed to promote hydration and to decrease porosity [6] . The present study is inspired by the idea of implanting these densification agents directly on the surface of the PP macro synthetyc fibers through a sol-gel treatment [7] . A surface nano-treatment has been proposed first in [7] for PP microfibers that can be employed mainly for reducing drying shrinkage in concrete. In the present work, a similar nano-treatment is proposed for macrofibers that can be added to the concrete mixture also for structural applications of FRC.
The sol-gel process, a chemical technique to synthesize inorganic materials, was initially employed to prepare high purity inorganic networks such as glasses and ceramic materials [8, 9] . 3 This method is characterized by mild conditions, which become a strategic point when organic materials are involved into the process permitting to avoid their thermal degradation. Typical precursors are metal (or non metal) alkoxides, which react with water in the presence of an adequate basic catalyst and allow appearance to nanoparticles having narrow grain size distribution with dimensions ranging between 5 and 100 nm. The aqueous sol-gel reaction is generally divided into two steps: the first one named hydrolysis, when hydroxyl groups are produced, and the second one named condensation, when the polycondensation of hydroxyl groups and residual alkoxyl groups to form a three-dimensional network are involved as follows: [10] [11] [12] .
In this study, silica nanoparticles were deposited on PP fibers by sol-gel synthesis using ammonia as the basic catalyzer. The consequent interfacial bond enhancement was then investigated by performing pullout tests on single fiber, which provided the load-displacement relationship for a single fiber pulled out from the matrix. The behavior of treated and untreated macro synthetyc fibers was then compared by considering the maximum load and the pullout energy absorbed. Both parameters can be extracted from the results of the tests.
MATERIALS AND METHODS

Fibers and treatment methods
The macro synthetic fibers consist of PP monofilaments with a diameter of 0.78 mm ( Figure 1 ) and length ranging from 30 to 60 mm. The main properties of the used PP fibers are reported in Tab. 1.
The materials used for the sol-gel treatment are ethanol (EtOH), ammonium hydroxide solution (NH 4 OH, ≈28 wt%) and tetraethyl-orthosilicate (TEOS). All materials are high purity reactants (Sigma-Aldrich) and have been used without any purification.
The chemical deposition has been obtained as follows. PP macro synthetic fibers were dipped in a 250 ml flask containing EtOH (120g), distilled water (12g) and NH 4 OH (18g) maintained at 60°C. After 10 min, TEOS (24g) was added into solution under magnetic stirring. After 2 hour, PP macro synthetic fibers were removed, washed with clean water and dried at room temperature.
Cement matrix
Cement mortar with a mix proportion by weight of cement, sand and water C:S:W = 1:1.5:0.5 has been used for the experiment. The used cement was Portland Cement type CEM II/B -LL 32,5 R; the river sand with specific gravity of 2.69 Mg/m 3 had a particle size of 0-0,6 mm. The specimens were casted in plastic cylindrical molds and put to ripen at room temperature for 28 days.
Fiber and FRCC characterization
In order to evaluate the morphology and distribution of SiO 2 nanoparticles on PP macro synthetic fibers surface, scanning electron microscopy (SEM) characterizations were performed with Nova NanoSEM 450 SEMFEG (FEI Company, USA). All images were acquired on the PP macro synthetic fibers surface in high vacuum with an In-lens SE detector (Through Lens Detector -Secondary electron mode, TLD-SE) and an accelerating voltage of 2KV. Chemical elemental analysis was carried out with an X-EDS QUANTAX-200 energy-dispersive X-ray spectroscopy system (Bruker, Germany).
To evaluate the interfacial bond enhancement due to the sol-gel treatment, pullout tests were performed on FRCC specimens. The test configuration (shown in Fig. 2 ) includes a single-side cement specimen. In order not to damage the fiber and to grip the fiber on the free side easier, the full length wire was used. One end of the wire was dipped in the cement sample for a length L e , the other end of the wire was dipped in a resin capsule for a length much greater than L e . In addition, in the latter part, two knots were practiced in order to avoid slip between wire and resin 5 [13, 14] . The cement specimen has cylindrical shape with both diameter and length of 80 mm. The diameter of the ring hole is 60 mm, so that no compressive stresses is produced nearby the fiber as a result of arch action [6] . Tests were carried out by an electro-mechanic traction machine under displacement control. The load cell is a GALDABINI 514262 TYPE TCA, OUTPUT 2mV/V with a capacity of 250 N and with an high accuracy class. The displacement control was performed by the actuator, at a rate of 1 mm/min.
The pullout test presented here can be divided into two main groups according to the embedded length as reported in Tab.2: the first group consists of six specimens with an embedded length L e of 20 mm (sample code PP2 and PPT2); the second one consists of six specimens with an embedded length L e of 30 mm (sample code PP3 and PPT3). In each group there are three samples with treated fibers (PPT) and three samples with untreated fibers (PP).
RESULTS
SEM and EDX characterization
The SEM images of both untreated and sol-gel treated PP fibers are reported in These particles are spherical and the grain size distribution is quite narrow with mean diameter of about 50 nm. The nanoparticle distribution on the treated macro synthetic fibers is not uniform, since the nanoparticles tend to agglomerate and to form large islands that seem to consist of a single layer of silica nanoparticle. SiO 2 nanoparticles arrangement on the PP surface seem to follow the preferred orientation of the polymeric material.
The chemical composition of nanoparticles was confirmed by EDX spectra (Fig. 4 ) that show the presence only of silicon, oxygen, and carbon on the treated PP macro synthetic fibers.
The fibers after the pullout test are shown in Fig. 5 . Therein, the diversity in the degree of abrasion between treated fibers (a) and untreated fibers (b) can be observed directly. The effect of abrasion seems to be more pronounced on the treated fiber than on the untreated fiber. In particular, the outer diameter of the untreated fibre is almost unchanged, whereas the outer surface of the treated fibers was clearly peeled during the pullout process. This phenomenon is responsible of the increase in the frictional stress observed during the pullout of treated fibers.
Finally, the related SEM images of the abraded surfaces of the fibres taken after that the pullout tests were completed are reported in Fig. 6 . Comparison of the SEM images shows notable difference in the surface microstructure of the two specimens. In particular, scratches caused by the pullout process can be observed on the surface of the untreated sample (Figs. 6a, 6c and 6e ),
produced at the few points where the matrix has been able to grip the fiber mechanically.
Moreover, few residual micrometric particles (white spots) of the cement matrix can be observed on the surface of the untreated fibers as a consequence of the weak chemical and mechanical bonding between the untreated PP fibre and the cementitious matrix.
Differently, the treated fiber after the pullout test seems to be circumferentially peeled and displays an homogeneous surface with some residual particles of cement matrix (Figs. 6b, 6d and   6f ). Note that these matrix particles penetrate so much in deep into to the fiber surface that they are still bonded to the fibre even after the peeling of the fibre surface occurred during the pullout process.
Pullout diagrams
The pullout tests were conducted after 28 days from the date the cement samples casting. The differences in the load-displacement curves between treated and untreated fibers are shown in
Figs. 7 and 8, for an embedded length L e = 20 mm.
The measured values of the maximum load and energy are reported in Table 3 together with the average peak load and average pull out energy. It can be seen that there is a factor of about 2 between the peak loads of treated and untreated fibers, and the ratio increases to 3 in terms of energy pullout. Similar results are shown in Figs. 9 and 10 for the specimens with an embedded length L e of 30 mm, where the ratio between treated and untreated fibers provides a factor of 2.2 for the peak load and of 2.6 for the pullout energy.
Previous studies noted that the complete fiber pullout generally takes places in two phases:
first, fiber debonding occurs along the entire length L e , then a frictional behavior is observed during fiber pullout [6] . The contribution of creep of the PP fibre should also be taken into account during the entire process. Indeed, the final length of the fibre after the pullout process turns out to be slightly greater than the initial length L e , being the elongation larger if L e and thus the required pullout load are greater (Figs. 8 and 10 ).
It must be highlighted that synthetic and metal fibers display different behavior in the pullout phase after full debonding [15] [16] [17] [18] . While the load-displacement diagram for the pull-out test of a 7 single metal fibers display a softening behavior due to an almost constant frictional shear stress [18] , synthetic fibers show instead a hardening type behavior produced by the increase in the frictional shear stress with the fiber slip [19] . The abrasion phenomena at the outer surface of the fiber during the pullout are responsible of the pull-out hardening behavior, and the higher is the rate of abrasion the higher is the peak of the curve in the pullout diagram [16] . Pull-out hardening behavior is a very desirable property in FRCC, since it is generally accompanied by large energy absorption capacity [20] . As it can be observed from the shape of the curves in Figs 7-10 , the obtained experimental results confirm qualitatively this kind of behavior.
Referring to the slip hardening interface behavior, it can be noted from the obtained peak values and the shape of the curves that the sol-gel nano-treatment remarkably improves the bond characteristics, both in the debonding and pullout phases.
In the absence of silica nanoparticles, the cementitious matrix do not interact with PP fiber surface due to the different surface energy. In treated fiber (PPT samples), nano-silica acts as a primer and the silanol groups on nanoparticles surface allows to produce hydration products, leading to improve the interfacial adhesion properties of PP fibers with the cementitious matrix.
CONCLUSIONS
The present work aims at improving the bond characteristics of PP macro synthetic fibers which, despite a poor interfacial bond strength, have seen an increase of their commercial attractiveness in recent years. Improvement of the adhesion characteristics becomes necessary in order to take full advantage of the properties of PP macro synthetic fibers embedded in the cement matrix.
Referring to the slip hardening interface behavior, from the obtained peak values and the shape of the diagrams it can be seen that the sol-gel nano-treatment remarkably improves the bond characteristics, both in the debonding and pullout phases. The improvement in the debonding phase is reflected by the increase (about double) of the full debonding load and this means that the densification of the ITZ, produced by the treatment, yields an increase in the maximum shear stress required for the full debonding (complete rupture of the ITZ in the whole L e length ).
The improvement in the pullout phase is proved by the pullout energy required for the complete extraction of the fiber. In fact, the curves for treated fibers are steeper, thus meaning that the rate of abrasion is more severe. This result can be explained by the presence of the hydration products in the ITZ that increase the stiffness locally, thus giving a remarkable increase in the frictional shear stress. In fact, the hydration products resulting from SiO 2 activity improve the chemical interaction between the two phases and act as physical anchors as well.
The method of surface treatment here proposed offers new opportunities to FRCC by increasing the residual strength after FRCC first cracking as well as the energy absorption during post-cracking behavior, both being essential issues in the characterization of concrete composites by means of bending tests [4] . Since the post-cracking behavior is mainly influenced by energy absorption phenomena occurring during the fibre pullout, a significant increases of the residual strength after FRCC first cracking can be expected from bending tests performed on structural components made of FRCC with treated fibres, according to the European standard [21] .
It can be excluded that the surface treatment may cause such an excessive improvement in fiber bond that it could lead to fiber breakage during bending tests. Indeed, untreated PP has very poor adhesion to the cementitious matrix as established by several studies [22] and no fiber breakage has ever been observed in FRCC in the present study as well as in pullout tests on fibers produced through a crimping process [23] . Since fiber breakage does not occur for continuously anchored fibers, then it is reasonably excluded also for fibres subject to nano treatment structured in islands. In conclusion, the nano-treatment here proposed can be considered as a more efficient and less disturbing alternative to the usual mechanical treatments that can originate pre-stresses in the material and consequently a reduction of its mechanical properties.
Finally, it can be observed that the framework proposed by Levin and Sevostianov [24] and more recently by Sevostianov et al. [25] for polymeric composite materials with inclusions and/or cracks can be efficiently employed in order to define the effective mechanical and rheological properties of this kind of FRCC. Moreover, the present study will be extended in a forthcoming article by performing proper engineering tests on large specimen carried out in compliance with the standards UNI EN 14651 [21] , in order to demonstrate that the proposed nano-treatment does improve the engineering performance of structural components. 
TABLES
